Introduction {#sec1}
============

Prostate cancer has become a serious threat to the life of patients. Owing to the aging and quick growth of population in the world, there is expected to be over 1.7 million people with prostate cancer by 2030 with about 499,000 new deaths.[@bib1] Prostate cancer can be diagnosed by digital rectal examination and alteration of such biological markers as serum prostate-specific antigen (PSA).[@bib2] However, most tools used now are not so sensitive and specific in detecting prostate cancer,[@bib3] making it even more difficult to treat prostate cancer effectively. Although androgen-deprivation therapy is effective, the mainstream for treatment of metastatic prostate cancer at the early stage and molecular mechanisms underlying development to castration-resistant prostate cancer remain unclear.[@bib4] Therefore, it is an urgent need to explore more treatment options to diminish the risk of prostate cancer.[@bib5]

Mesenchymal stem cells (MSCs) are a heterogeneous subgroup of stromal stem cells, which can be self-renewed and differentiated into mesodermal lineages and other embryonic lineages.[@bib6] Moreover, MSCs, possessing an inherent tropism for sites of inflammation, recurrently exist in sites of cancer, including prostatic lesions.[@bib7] Additionally, MSCs are demonstrated to act as cytokines or a delivery vehicle of anti-tumor drugs to participate in the treatment of prostate cancer.[@bib8]

Exosomes, lipid bilayer-enclosed extracellular vesicles containing proteins and nucleic acids, are secreted by cells and can circulate in the blood.[@bib9] A previous study showed that, as extracellular vesicles, exosomes can transfer microRNAs (miRNAs), mRNAs, and proteins to regulate inflammation.[@bib10] As a regulator of cell differentiation, proliferation, and apoptosis,[@bib11] miR-143 has been found to exert inhibitory effects on tumors of prostate cancer recently.[@bib12] Furthermore, it has been reported that miR-143 is loaded in exosomes in prostate cancer cells.[@bib13] The prostate cancer-derived exosomes are observed in the prostatic secretions, urine, tissues, and blood.[@bib14] Importantly, the aggressiveness of prostate cancer cells could be enhanced through exosomes under hypoxic conditions.[@bib15] It is revealed that the management of the exosomes derived from MSCs can play an essential role in various diseases.[@bib16] MSC-derived exosomes may act as suppressors of the prostate cancer-induced angiogenesis on prostate PC-3 tumor cells, and, thus, they could be suitable for anti-cancer therapies.[@bib17] These findings underline the critical role of MSC-derived exosomal miR-143 in the progression of prostate cancer. Thus, this study explored the specific mechanism of human bone marrow-derived MSC (BMSC)-derived exosomal miR-143 in prostate cancer cell migration and invasion.

Results {#sec2}
=======

hsa-miR-143 in Exosomes Influences Prostate Cancer by Regulating TFF3 {#sec2.1}
---------------------------------------------------------------------

We extracted prostate cancer expression profile data from the GEO database. Five prostate-related expression datasets (GEO: [GSE3868](ncbi-geo:GSE3868){#intref0010}, [GSE30994](ncbi-geo:GSE30994){#intref0015}, [GSE38241](ncbi-geo:GSE38241){#intref0020}, [GSE46602](ncbi-geo:GSE46602){#intref0025}, and [GSE103512](ncbi-geo:GSE103512){#intref0030}) were identified. Differential analysis of gene expression in these five datasets obtained 224, 3,000, 1,008, 759, and 276 differentially expressed genes, respectively. To further screen out prostate cancer-associated genes, Venn analysis was performed to obtain the cross-section of the differential genes in the five datasets ([Figure 1](#fig1){ref-type="fig"}A). Interestingly, only the trefoil factor 3 (TFF3) gene was shared by all five datasets. To further check the expression of the TFF3 gene in five datasets, TFF3 expression level in each dataset was analyzed, and, as shown in [Figures 1](#fig1){ref-type="fig"}B--1F, the TFF3 gene was highly expressed in prostate cancer samples in all five datasets compared with normal samples.Figure 1Screening of Prostate Cancer-Related Genes and Prediction of Their Regulatory miRNAs(A) Venn diagram of genes shared among five prostate cancer datasets. Five different color ellipses in the figure represent the number of differential genes in five different prostate cancer datasets, and the middle part represents the cross-section of the five dataset analysis results. (B) Heatmap of the top 50 differential gene expressions in prostate cancer dataset GEO: [GSE3868](ncbi-geo:GSE3868){#intref0055}, in which the abscissa indicates the sample number, the ordinate indicates the gene name, the upper dendrogram indicates cluster of sample type, and the left dendrogram indicates cluster of gene expression level. Each small square in the figure represents the expression level of a gene in one sample, and the upper right histogram is a color scale. (C--F) Expression of TFF3 gene in the GEO: (C) [GSE30994](ncbi-geo:GSE30994){#intref0060}, (D) [GSE38241](ncbi-geo:GSE38241){#intref0065}, (E) [GSE46602](ncbi-geo:GSE46602){#intref0070}, and (F) [GSE103512](ncbi-geo:GSE103512){#intref0075} expression datasets, in which the abscissa indicates the sample type, the ordinate indicates the expression level of TFF3, the left box map indicates the gene expression in the normal sample, and the right box map indicates the gene in the tumor sample. The p value is located in the upper left corner of the figure. (G) Prediction of miRNAs regulating TFF3, in which the left circle represents the top 30 miRNAs predicted in the TargetScan database, the right side represents the mirDIP database prediction results, and the middle part represents the intersection of the two database prediction results. miR-143, microRNA-143; TFF3, trefoil factor 3.

To investigate the upstream regulatory mechanism of the TFF3 gene, the upstream regulatory miRNAs of TFF3 were predicted; 22 TFF3 potential regulatory miRNAs were predicted in the microRNA Data Integration Portal (mirDIP) database and 212 in the TargetScan database ([Figure 1](#fig1){ref-type="fig"}G). There were 5 overlapping miRNAs between these two populations of miRNAs, and Homo sapiens (hsa)-miR-143 scored the highest among the five miRNAs predicted ([Table 1](#tbl1){ref-type="table"}).[@bib18], [@bib19], [@bib20] In line with our bioinformatics analysis result, a recent study demonstrated that there is a close correlation between miR-143 and the development of prostate cancer,[@bib21] but its detailed effects on prostate cancer remain unclear. Additionally, miR-143 has been reported to be encapsulated by exosomes, transferred in different cells.[@bib13], [@bib22] The above studies suggest that hsa-miR-143 in exosomes and TFF3 are related to the development of prostate cancer.Table 1Potential miRNA Regulating TFF3 Predicted from mirDIP and TargetScan DatabasesmiRNAIntegrated Score (mirDIP)Seed Match (TargetScan)Context++ Score Percentile (TargetScan)hsa-miR-1430.3767889388-mer99hsa-miR-615-3p0.3092175268-mer99hsa-miR-324-5p0.2217358227-mer-m884hsa-miR-515-3p0.189933547-mer-m893hsa-miR-6610.183926947-mer-1A86[^1]

TFF3 Is the Target Gene of miR-143 {#sec2.2}
----------------------------------

The expression of miR-143 in 123 prostate cancer and paracancerous tissues was detected by qRT-PCR. As shown in [Figure 2](#fig2){ref-type="fig"}A, the expression level of miR-143 was decreased in prostate cancer tissues compared to paracancerous tissues (p \< 0.05). Moreover, the expression of miR-143 in 5 prostate cancer cells (22Rv1, VCaP, LNCaP, Du145, and PC-3) and normal human prostate epithelial cells (RWPE-1) was determined by qRT-PCR ([Figure 2](#fig2){ref-type="fig"}B). The results showed that the expression of miR-143 in 5 prostate cancer cell lines was also lower than that in the normal prostate epithelial cell line. Among all five prostate cancer cell lines, PC-3 exhibited the lowest expression level of miR-143 (p \< 0.05); therefore, the PC-3 cell line was selected for subsequent experiments.Figure 2Prediction of the Target Gene of miR-143(A) The expression of miR-143 in prostate cancer tissues and paracancerous tissues measured by qRT-PCR. (B) The expression of miR-143 in 5 prostate cancer cell lines and a normal cell line. (C) The binding site between miR-143 and TFF3. (D) The relative luciferase activity of luciferase reports with wild-type or mutant TFF3 were determined in PC-3 cells, which were transfected with mimic-NC or miR-143 mimic. (E) The relative mRNA expression of TFF3 in RWPE-1 and PC-3 detected by qRT-PCR. \*p \< 0.05 compared with the RWPE-1 group; the measurement data were expressed using mean ± SD, statistical analysis was performed using an independent sample t test, and the experiment was repeated three times; the t test was used for the difference analysis between two groups, while one-way ANOVA was used for multiple groups of data analysis. TFF3, trefoil factor 3; PC-3, prostate cancer cell line-3; RWPE-1, non-tumor human prostate epithelial cells.

We used the TargetScan website to identify TFF3 as a possible target gene for miR-143 ([Figure 2](#fig2){ref-type="fig"}C). The background mRNA expression of TFF3 in RWPE-1 and PC-3 was detected by qRT-PCR first. The results showed that the mRNA expression of TFF3 in PC-3 was significantly higher than in RWPE-1 (p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}D). To further verify its accuracy, a dual luciferase assay was performed; PC-3 cells were co-transfected with mimic-negative control (NC) and TFF3-wild-type (WT), mimic-NC and TFF3-mutation type (MUT), miR-143 mimic and TFF3-WT, and miR-143 mimic and TFF3-MUT. As shown in [Figure 2](#fig2){ref-type="fig"}E, compared with the mimic-NC group, miR-143 mimic significantly decreased the intensity of luciferase activity in the TFF3-WT group (p \< 0.05), and it had no significant effect on the luciferase activity intensity in the TFF3-MUT group (p \> 0.05). The results suggest that TFF3 is the target gene of miR-143.

Overexpression of miR-143 Suppresses Proliferation, Migration, and Invasion while It Enhances Apoptosis of Prostate Cancer Cells {#sec2.3}
--------------------------------------------------------------------------------------------------------------------------------

To explore the effect of miR-143 on the biological function of prostate cancer cells, we transfected PC-3 cell lines with mimic-NC or miR-143 mimic, and the proliferation, apoptosis, migration, and invasion abilities of PC-3 were examined. The results showed that, compared with the mimic-NC group, the proliferation, migration, and invasion abilities were significantly decreased, and the apoptosis rate was significantly increased in the miR-143 mimic group (p \< 0.05) ([Figures 3](#fig3){ref-type="fig"}A--3D).Figure 3Overexpression of miR-143 Affects Proliferation, Migration, Invasion, and Apoptosis in Prostate Cancer Cells(A) The effect of overexpressed miR-143 on the proliferation of PC-3 cells determined by EdU assay (scale bar, 50 μm). (B) The apoptosis rate of PC-3 cells with overexpressed miR-143 by flow cytometry. (C) The effect of overexpressed miR-143 on the migration of PC-3 detected by Transwell assay (scale bar, 50 μm). (D) The effect of overexpressed miR-143 on the invasion of PC-3 detected by Transwell assay (scale bar, 50 μm). (E) The expression of miR-143 after overexpressing miR-143 in PC-3, measured by qRT-PCR. (F) The effect of overexpressed miR-143 on the expression of TFF3, determined by qRT-PCR and western blot analysis. \*p \< 0.05 compared with the corresponding mimic-NC group; the measurement data were expressed using mean ± SD; statistical analysis was performed using an independent sample t test, and the experiment was repeated three times. PC-3, prostate cancer cell line-3; EdU, 5-ethynyl-2′-deoxyuridine; TFF3, trefoil factor 3; NC, negative control.

Next, we carried out qRT-PCR to determine whether miR-143 was successfully overexpressed in prostate cancer cell line PC-3 ([Figure 3](#fig3){ref-type="fig"}E). The results implied that the expression of miR-143 was significantly upregulated after the overexpression of miR-143 in PC-3 (p \< 0.05), which verified the results in [Figures 3](#fig3){ref-type="fig"}A--3D that the overexpression of miR-143 resulted in a change in cell phenotype. At the same time, the expression of TFF3 was detected by qRT-PCR and western blot analysis ([Figure 3](#fig3){ref-type="fig"}F). The results revealed that overexpression of miR-143 could negatively regulate the expression of TFF3. All these results showed that miR-143 overexpression could repress proliferation, migration, and invasion of prostate cancer cells; induce apoptosis; and downregulate the expression of its target gene TFF3.

Exosomes Mediate BMSC-Derived Exosome miR-143 Transmit to Prostate Cancer Cells {#sec2.4}
-------------------------------------------------------------------------------

BMSCs were identified, and, according to the findings in fluorescence-activated cell sorting (FACS), the cells were positive for CD105, CD73, and CD90 but negative for the hematopoietic markers CD34, CD45, and HLA-DR (major histocompatibility complex, class II, DR). Besides, BMSCs possess osteogenic, adipogenic, and chondrogenic differentiation abilities ([Figure S1](#mmc1){ref-type="supplementary-material"}). Further, the exosomes were isolated by differential ultra-centrifugation. Multiple approaches were adopted to characterize the physical features and molecular markers of the isolated extracellular vesicles so as to identify these as exosomes. The extracellular vesicles of BMSCs were observed by transmission electron microscopy (HT7700 Exalens, Beijing SJC Science and Trade, Beijing, China). It can be clearly observed that extracellular vesicles exhibited typical morphological features of exosomes: round or elliptical shape with a diameter range of 30--100 nm and a complete membrane structure with low density content ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Exosome Isolation and Characterization in BMSCs(A) Observation of the morphology of exosomes under a transmission electron microscope (scale bar, 100 nm). (B) The size distribution of exosomes. (C) The expression of exosomal markers CD63 and TSG101. (D) The miR-143 expression in BMSCs and hMSC-derived exosomes. (E) The miR-143 expression in BMSCs treated with miR-NSM and miR-143 detected by qRT-PCR. (F) Representative images of miR-143 delivery to PC-3 cells via BMSCs. Red, miR-143-Cy3; green, PC-3 cells; blue, DAPI-stained nucleus (scale bar, 25 μM). (G) The uptake of hMSC-derived exosomes by prostate cancer cells at different time points. Green, CFSE-labeled exosomes (scale bar, 25 μM). (H) The level of miR-143 in prostate cells after 48-h incubation with hMSC-derived exosomes. (I) miR-143 expression in prostate cells treated with the exosome inhibitor GW4869, determined by qRT-PCR. (J) qRT-PCR analysis depicting the changes of TFF3 expression level. GW4869, an inhibitor of neutral sphingomyelinase-2. \*p \< 0.05; the data among multiple groups were analyzed using one-way ANOVA and the data between two groups were tested by independent sample t test, and the experiment was repeated three times. BMSCs, human bone marrow-derived MSCs; DAPI, 4'-6-diamidino-2-phenylindole; NC, negative control; TFF3, trefoil factor 3.

Then, the nanoparticle-tracking analysis was utilized to evaluate the size distribution of extracellular vesicles, which demonstrated that the mean size of extracellular vesicles was 132.5 ± 37.4 nm and that most extracellular vesicles were distributed within the range of the exosome diameter (30--150 nm).[@bib23], [@bib24] The most abundant extracellular vesicles were about 114 nm in diameter and the concentration was 1.8 × 10^11^/L ([Figure 4](#fig4){ref-type="fig"}B). For further verification, western blot analysis was employed to assess the expressions of CD63 and TSG101 (representative markers of exosomes). As shown in [Figure 4](#fig4){ref-type="fig"}C, CD63 and TSG101 were detected in the isolated exosomes, whereas calnexin (a non-representative marker of exosomes) was not. These data demonstrated that human MSC (hMSC)-derived exosomes were successfully isolated.

Next, we compared the expression of miR-143 in hMSC-derived exosomes and BMSCs. qRT-PCR results showed that the expression of miR-143 was higher in purified exosomes than in donor BMSCs (p \< 0.05) ([Figure 4](#fig4){ref-type="fig"}D). To explore whether the hMSC-derived exosomes could enrich miR-143 and could be adopted as a potential treatment for prostate cancer, miR-143 in BMSCs was overexpressed, separated, and purified to obtain the exo-miR-143 for subsequent experiments. As determined by qRT-PCR, the expression of miR-143 was upregulated in BMSCs treated with miR-143 compared with the BMSCs treated with miR-non-specific mimic (NSM) ([Figure 4](#fig4){ref-type="fig"}E) (p \< 0.05). Taken together, exosomes in BMSCs can enrich miR-143.

To verify that miR-143 derived from BMSCs could be transferred to prostate cancer cells, prostate cancer PC-3 cells transduced with pCDNA3.1-GFP and BMSCs transduced with miR-143-Cy3 were co-cultured. The merged images were captured under the fluorescence microscope, and it was shown that miR-143 could be efficiently delivered into PC-3 cells via transduced BMSCs and could be delivered from donor BMSCs to recipient PC-3 cells ([Figure 4](#fig4){ref-type="fig"}F). Additionally, to study the internalization of hMSC-derived exosome miR-143 by prostate cells, hMSC-derived exosomal miR-143 was labeled with carboxyfluorescin diacetate succinimidyl ester (CFSE) fluorescent dye. The uptake of hMSC-derived miR-143 was observed under the confocal microscope.

We found that CFSE-labeled exosomes were localized in the cytoplasm, and the cellular uptake of hMSC-derived miR-143 happened in a time-dependent manner. CFSE-labeled exosomes were incubated with the PC-3 cells for 12 h, and CFSE exosomes in PC-3 cells exhibited mild green fluorescence, indicating that the number of CFSE exosomes entering PC-3 cells was low. As time went by, more and more PC-3 cells displayed green fluorescence, and the fluorescence intensity was elevated, suggesting that the number of CFSE exosomes absorbed by PC-3 cells was increased. The uptake of CFSE exosomes by PC-3 cells was evident at 48 h ([Figure 4](#fig4){ref-type="fig"}G). Then, the miR-143 level in prostate cancer cells after 48-h incubation with CFSE exosomes was detected ([Figure 4](#fig4){ref-type="fig"}H), and the results showed that miR-143 was highly expressed in exosome-treated PC-3 cells.

To explore the role of exosomes, GW4869 was added into the co-culture system of PC-3 cells and BMSCs to reduce the secretion of exosomes. When PC-3 cells were treated with the exosome inhibitor GW4869 ([Figure 4](#fig4){ref-type="fig"}I), the miR-143 level was very low in prostate cancer PC-3 cells. Further, to confirm whether miR-143 transferred by exosomes could effectively inhibit the endogenous TFF3 in PC-3 cells, the mRNA expression of TFF3 in PC-3 cells co-cultured with BMSC miR-143 was detected using qRT-PCR, finding that BMSC miR-143 effectively suppressed the expression of TFF3 in PC-3 cells, which could be hindered by GW4869 ([Figure 4](#fig4){ref-type="fig"}J). The above results demonstrated that miR-143 could be shuttled into prostate cells by hMSC-derived exosomes.

Exosomal miR-143 Results in Declines in Prostate Cancer Cell Proliferation, Migration, and Invasion and Promotion of Apoptosis via TFF3 Downregulation {#sec2.5}
------------------------------------------------------------------------------------------------------------------------------------------------------

In accordance with the previous observations that miR-143 is enriched in exosomes, we assumed that miR-143 shuttled by MSC-derived exosomes could impede the proliferation, migration, and invasion in PC-3 cells. To access the role of hMSC-derived exosomes, PC-3 cells were treated with Exo-miR-NSM or Exo-miR-143, and Transwell assays were conducted. The results showed that, compared with the Exo-miR-NSM group, the proliferation, migration, and invasion abilities of the Exo-miR-143 group were significantly decreased and the apoptosis rate was significantly increased (p \< 0.05) ([Figures 5](#fig5){ref-type="fig"}A--5D). Western blot analysis results showed ([Figure 5](#fig5){ref-type="fig"}E) that the Exo-miR-143 group had significantly decreased expression of proliferation-related factors (recombinant human Ki-67 protein \[Ki67\] and proliferating cell nuclear antigen \[PCNA\]) and invasive factors (matrix metalloproteinase \[MMP\]-2 and MMP-9) compared with the Exo-miR-NSM group (p \< 0.05).Figure 5Exosomal miR-143 Regulates Proliferation, Migration, Invasion, and Apoptosis via TFF3 in Prostate Cancer Cells(A) The effect of exosomal miR-143 on the proliferation of PC-3 cells, determined by EdU assay (scale bar, 50 μM). (B) The apoptosis rate of PC-3 affected by exosomal miR-143, detected by flow cytometry. (C) The effect of exosomal miR-143 on the migration ability of PC-3, detected by Transwell assay (scale bar, 50 μM). (D) The effect of overexpressed Exo-miR-143 on PC-3 invasion ability, detected by Transwell assay (scale bar, 50 μM). (E) The expression levels of cell proliferation factors (Ki67 and PCNA) and invasive factors (MMP-2 and MMP-9). (F) The expression of miR-143 in PC-3. (G) The expression of TFF3 in PC-3. (H) The effect of silencing TFF3 on the proliferation of PC-3, detected by EdU staining. (I) The effect of silencing TFF3 on the apoptosis rate of PC-3, detected by flow cytometry. (J) The effect of silencing TFF3 on migration ability of PC-3, detected by Transwell assay (scale bar, 50 μM). (K) The effect of silencing TFF3 on the invasion ability of PC-3, detected by Transwell assay (scale bar, 50 μM). \*p \< 0.05 compared with the Exo-miR-NSM group (A--G); \*p \< 0.05 compared with the Si-NC group (H--K); the measurement data were measured using mean ± SD; an independent sample t test was used for statistical analysis between the two groups, and the experiment was repeated three times. EdU, 5-ethynyl-2′-deoxyuridine; TFF3, trefoil factor 3; PC-3, prostate cancer cell line-3; PCNA, proliferating cell nuclear antigen; MMP, matrix metalloproteinase; NC, negative control.

To examine the expression levels of miR-143 and TFF3 in PC-3 after Exo-miR-143 treatment, western blot analysis and qRT-PCR were conducted ([Figures 5](#fig5){ref-type="fig"}F and 5G), and the results showed that miR-143 was upregulated and TFF3 was downregulated in PC-3 in the Exo-miR-143 group when compared to the Exo-miR-NSM group (p \< 0.05), which was consistent with our previous results. To further verify the effect of TFF3 on PC-3 cells, cell proliferation, apoptosis, migration, and invasion abilities were detected by the silencing of TFF3 in PC-3 ([Figures 5](#fig5){ref-type="fig"}H--5K). The results showed that, compared with the small interfering RNA (si)-NC group, the proliferation, migration, and invasion abilities of PC-3 cells in the Si-TFF3 group were significantly decreased and the apoptosis rate was significantly increased (p \< 0.05), which were also consistent with our previous studies. Taken all together, our results confirmed that hMSC exosome-derived miR-143 can inhibit the expression of TFF3 in prostate cancer cells, further deterring prostate cancer cell proliferation, migration, and invasion, and induce apoptosis.

Exo-miR-143 and Silencing TFF3 Inhibits the Prostate Cancer Growth and Metastasis *In Vivo* {#sec2.6}
-------------------------------------------------------------------------------------------

Based on the foregoing results, the role of Exo-miR-143 and TFF3 *in vivo* was evaluated by nude mice tumor formation assay. The results showed that the volume and weight of the tumor that expressed exo-miR-143 was significantly reduced (p \< 0.05) compared to the Exo-miR-NSM group; compared with the Si-NC group, the tumor growth ability was significantly reduced, and the tumor volume was significantly reduced in the Si-TFF3 group (p \< 0.05) ([Figures 6](#fig6){ref-type="fig"}A and 6B). At the same time, qRT-PCR was used to detect the expression of miR-143 and TFF3 in the Exo-miR-143 group ([Figures 6](#fig6){ref-type="fig"}C and 6D), and we found that, compared with the Exo-miR-NSM group, the expression level of miR-143 was significantly upregulated while the expression of TFF3 was downregulated in the Exo-miR-143 group (p \< 0.05). Immunofluorescence staining was carried out to determine the expression of the invasion-associated factor MMP-2. The expression of MMP-2 in the Exo-miR-143 group was significantly reduced compared to that in the Exo-miR-NSM group; in comparison with the Si-NC group, the expression of MMP-2 in the Si-TFF3 group was also significantly decreased, which was statistically significant (p \< 0.05) ([Figure 6](#fig6){ref-type="fig"}E). These results demonstrate that overexpression of Exo-miR-143 and silencing TFF3 can inhibit the growth and invasion of prostate cancer.Figure 6Exo-miR-143 and Silencing TFF3 Affect Tumor Growth and Metastasis of Prostate Cancer *In Vivo*(A) Photographs of tumor and curve of tumor volume growth for the nude mice. (B) Tumor weight. (C) The expression of miR-143 detected by qRT-PCR. (D) The expression of TFF3 in tumors, detected by qRT-PCR. (E) The expression of invasion-related factor MMP-2 in each group, detected by immunofluorescence (scale bar, 50 μM). \*p \< 0.05 compared with the Exo-miR-NSM group; \#p \< 0.05 compared with the Si-NC group; the measurement data were measured using mean ± SD, and the independent sample t test was used for statistical analysis; N = 6. MMP, matrix metalloproteinase; TFF3, trefoil factor 3; NC, negative control.

Discussion {#sec3}
==========

In the past few decades, prostate cancer has been at the forefront of global male malignancy mortality.[@bib25] As for the diagnosis of prostate cancer, exponential apparent diffusion coefficient and computed diffusion-weighted imaging are often used.[@bib26] The androgen deprivation therapy is useful in the early stage of prostate cancer, but, after the treatment, the disease can develop into castration-resistant prostate cancer.[@bib27] However, there are few effective therapies that have been developed to cure castration-resistant prostate cancer.[@bib28] Thus, with the expectancy to find out more effective treatment modals for prostate cancer, this study aimed at determining the roles of Exo-miR-143 and TFF3 in prostate cancer, and findings showed that the overexpression of miR-143 can inhibit proliferation, migration, and invasion and promote apoptosis of prostate cancer cells through downregulating TFF3 via BMSC-derived exosomes.

This study exhibited that miR-143 expression was decreased while TFF3 expression was increased in prostate cancer tissues and cells. A previous study disclosed that miRNAs usually showed different expression in prostate cancer patients.[@bib29] More specifically, downregulation of miR-1 and miR-143 are usually found in prostate cancer.[@bib30] Consistent with our study, a previous study found that TFF3 was highly expressed in prostate cancer.[@bib31] Moreover, TFF3 was found to be targeted by miR-143, which could mediate TFF3 expression. A previous study found that, in inflammatory bowel disease, TFF3 can be silenced by miR-7-5p.[@bib32] It has been proven that plasminogen activator inhibitor-1, which can inhibit invasion and lung metastasis in human osteosarcoma, is a target gene of miR-143.[@bib33] Another study showed that GLI-Kruppel family member 3 gene is also a target gene of miR-143.[@bib34] In our study, miR-143 has been verified to specially target TFF3 by dual luciferase reporter gene assay.

In addition, our findings provide evidence that the overexpression of Exo-miR-143 and silencing of TFF3 inhibit proliferation, invasion, and migration while enhancing the apoptosis of prostate cancer, which was further verified by the decline in the expressions of PCNA, MMP-2, and MMP-9 in cells treated with Exo-miR-143. miR-143 can be encapsulated by exosomes, thus functioning in different cells.[@bib13], [@bib22] Besides, previous studies suggest that exosomes can be derived from hMSCs.[@bib35], [@bib36] Expressed in the nuclei of cells, PCNA is a protein that plays a major role in DNA replication.[@bib37] It has been proven that there is a close correlation between the expression of PCNA and cell proliferation.[@bib38] MMP-2 and MMP-9 are associated with the progression, invasion, and metastasis of malignant tumors.[@bib39] The present study, highlighted that, when miR-143 was overexpressed, the expressions of MMP-2, PCNA, and MMP-9 were diminished, indicating the suppressive effect of miR-143 on cell invasion and proliferation in prostate cancer.

Furthermore, results obtained from a study proved that, by upregulating miR-143, curcumin can suppress prostate cancer cell migration and proliferation.[@bib40] Also, a previous study showed that miR-143 can be regarded as an inhibitor of prostate cancer via regulating hexokinase 2.[@bib41] Interestingly, in line with our study, another research further proved that, when TFF3 expression was decreased, castration-resistant prostate cancer cell exhibited suppressive cell invasion.[@bib42] Another study showed that, in prostate cancer, the poor expression of TFF3 can contribute to a declined total cell number and repressed cell viability, proliferation, and survival.[@bib43] At the same time, our study proved that miR-143 increased prostate cancer cell apoptosis. A previous study indicated that increased apoptosis was observed in prostate cancer cells following miR-143 overexpression.[@bib44] Another study found that miR-143 induces apoptosis of hepatoma cells by regulating the nuclear factor κB (NF-κB) pathway.[@bib45] Besides, miR-143 exerts promoter functions over the apoptosis of prostate cancer cells by mediating the expression of Bcl-2, which has been previously proven in a study.[@bib46]

Based on the previous research, our results demonstrated that overexpressed miR-143 exerts suppressive effects on prostate cancer by downregulating TFF3 ([Figure 7](#fig7){ref-type="fig"}). These findings identify miR-143 and the TFF3 gene as potential therapeutic targets for the treatment of prostate cancer. It is also recommended that a larger *in vivo* experiment should be carried out in further studies to completely understand the underlying mechanism of miR-143 and the TFF3 gene in prostate cancer.Figure 7Mechanism of hMSC-Derived Exo-miR-143 as a Potential Treatment for Prostate CancermiR-143 was poorly expressed in PC-3 cells while TFF3 was highly expressed. miR-143 can inhibit the proliferation, migration, and invasion and promote apoptosis in prostate cancer cells by negatively mediating the expression of the TFF3 gene. Thus, hMSC-derived Exo-miR-143 could be a potential treatment for prostate cancer.

Materials and Methods {#sec4}
=====================

Ethics Statement {#sec4.1}
----------------

During the animal experiment, the guidelines for the protection and use of experimental animals issued by the NIH in the United States were strictly observed, and the principle of completing the experiment with the minimum number of animals and minimizing the pain of the experimental animals was strictly observed. The study was also approved by the Institutional Review Board of The First Hospital of Jilin University. Written informed consent was obtained from each participant.

Bioinformatics Analysis {#sec4.2}
-----------------------

We searched the GEO database (<https://www.ncbi.nlm.nih.gov/geo/>) for prostate cancer-related expression datasets, and the limma package in the R language was used for differential analysis of the prostate cancer datasets, with \|logFC\| \> 2 and p \< 0.05 set as the screening threshold. The differential gene expression heatmap was constructed using the pheatmap package.

The miRNAs regulating the TFF3 gene were predicted using the TargetScan database (<http://www.targetscan.org/vert_71/>) and the mirDIP database (<http://ophid.utoronto.ca/mirDIP/index.jsp#r>). The Venn diagram was employed to obtain the intersection of the two database prediction results.

Clinical Prostate Samples and Cell Lines {#sec4.3}
----------------------------------------

A total of 123 clinical samples of prostate cancer and corresponding paracancerous tissues was collected from patients who received treatment at The First Hospital of Jilin University from September 2015 to September 2017. Human BMSCs, five prostate cancer cell lines (22Rv1, VCaP, LNCaP, Du145, and PC-3), and normal prostate epithelial cells RWPE-1 were provided by the Cell Resource Center of the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (Beijing, China). The cells were cultured in RPMI-1640 (Gibco, Carlsbad, CA, USA) medium supplemented with 10% fetal bovine serum (FBS), 100 μg/mL streptomycin, and 100 U/mL penicillin at 37°C with 5% CO~2~ and 95% saturated humidity. The culture liquid was exchanged 3--4 times every week based on the growth of cultured cells. When cell confluence reached about 80%, cells were sub-cultured. Afterward, the expression of miR-143 in 5 prostate cancer cell lines was measured using qRT-PCR, and the cell line with lowest miR-143 expression was selected for subsequent experiments.

BMSC Identification {#sec4.4}
-------------------

The BMSCs at passage 3 in good growth state were detached and the concentration was adjusted into 5 × 10^4^ cells/mL, which were then inoculated into the 6-well plate pre-covered with cover glass. After 24 h, the BMSCs completely adhered to the wall. After that, BMSCs were incubated for 4 weeks using MSC Osteogenic Differentiation Medium Kit (Cyagen, Silicon Valley, CA, USA) and Adipogenic Differentiation Medium Kit (Cyagen, Silicon Valley, CA, USA). Next, the BMSCs were stained in order to determine the abilities of osteogenic and adipogenic differentiation in strict conformity to the protocols of the kits. Subsequently, the images were obtained under a microscope (CK40, Olympus, Tokyo, Japan). The markers of BMSCs were identified using flow cytometry. Antibodies fluorescein isothiocyanate (FITC)-CD105, FITC-CD73, phycoerythrin (PE)-CD90 (Abcam, Cambridge, UK), CD34, CD45 (PE, eBioscience, Thermo Fisher Scientific, Waltham, MA, USA), and PE-HLA-DR (Abcam, Cambridge, UK) were added to different test tubes according to the specifications of antibodies, and immunoglobulin G (IgG) FITC or IgG (Abcam) served as the homologous control.

Cell Culture and Transfection {#sec4.5}
-----------------------------

The transfection of BMSCs was classified into miR-NSM group, miR-143 mimic group, and mimic-NC group. RNA duplexes corresponding to hsa-miR-143 were initially marked with Cy3 (Life Technologies, Gaithersburg, MD, USA). The transfection of PC-3 was assigned into the si-TFF3 group, si-negative control (NC) group, miR-143 mimic group, and mimic-NC group. For the transfection, the target plasmids were purchased from Vigene Biosciences (Rockville, MD, USA). The transfection was performed using the Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) kit based on the manufacturer's instructions. Briefly, 4 μg target plasmid and 10 μL Lipofectamine 2000 were respectively diluted using 250 μL Opti-MEM medium (Gibco, Carlsbad, CA, USA). After that, the mixture was allowed to stand for 20 min at room temperature, and then it was added into the cell culture wells for incubation at 37°C with 5% CO~2~. After 6 h, the medium was replaced. Then, the cells were collected for subsequent experiments after another 36-- to 48-h incubation.

Dual Luciferase Reporter Assay {#sec4.6}
------------------------------

To confirm whether TFF3 is the direct target gene of miRNA-143, the synthetic 3′ UTR fragment of TFF3 was inserted into the 3′ UTR of luciferase gene pMIR-reporter (Beijing Huayueyang Biotechnology, Beijing, China) to construct a TFF3-WT vector. The mutation site of the 3′ UTR fragment of TFF3 was inserted into the 3′ UTR of the luciferase gene pMIR-reporter (Beijing Huayueyang Biotechnology, Beijing, China) to construct the TFF3-MUT vector. The luciferase reporter plasmids containing TFF3-WT or TFF3-MUT were co-transfected with miR-143 into HEK293T, respectively. Renilla luciferase was served as an internal reference. After transfection for 48 h, the cells were collected and lysed. The luciferase activity was measured using Luciferase Detection kit (K801-200, BioVision, San Francisco, CA, USA) Glomax 20/20 luminometer fluorescence detector (Promega, Madison, WI, USA). The experiment was repeated three times.

qRT-PCR {#sec4.7}
-------

Total RNA was obtained from tissues or cells using Trizol (Invitrogen, Carlsbad, CA, USA). RNA concentration was measured by Nanodrop 2000 (Thermo Fisher Scientific, MA, USA); 1 μg total RNA was reversely transcribed into cDNA using PrimeScript RT reagent kit (Takara Holdings, Kyoto, Japan). Real-time PCR was carried out on an ABI7500 qPCR machine (Thermo Fisher Scientific, MA, USA) using the SYBR Premix Ex Taq (Tli RNaseH Plus) kit (Takara Holdings, Kyoto, Japan). The PCR-cycling conditions were as follows: one cycle pre-denaturation at 95°C for 10 min, and 40 cycles denaturation at 95°C for 15 s and annealing at 60°C for 30 s. β-actin served as an internal reference of TFF3, and U6 was used as an internal reference of miR-143. The 2^−ΔΔCt^ method was adopted to calculate the ratio of target gene expression in the observation group to that in the reference group. The primers used in the reaction are shown in [Table 2](#tbl2){ref-type="table"}, and the primers were all supplied by Shanghai GenePharma (Shanghai, China). The experiment was repeated three times.Table 2Primer Sequence for qRT-PCRGenePrimer SequencemiR-143F: 5′-AGTCAGTGAGATGAAGCACTG-3′R: 5′-GTGCAGGGTCCGAGGT-3′U6F: 5′-AGAGCCTGTGGTGTCCG-3′R: 5′-CATCTTCAAAGCACTTCCCT-3′β-actinF: 5′-CGGGACCTGACTGACTACCTC-3′R: 5′-CCATCTCTTGCTCGAAGTCCAG-3′TFF3F: 5′-CTCCAGCTCTGCTGAGGAGT-3′R: 5′-CAGGGATCCTGGAGTCAAAG-3′[^2]

Western Blot Analysis {#sec4.8}
---------------------

The total protein was obtained from each group of cells, and the protein concentration was determined using a BCA protein assay kit (Thermo Fisher Scientific, MA, USA). Total protein (30 μg) was subjected to polyacrylamide gel electrophoresis at a constant voltage of 80 V for 35 min and 120 V for 45 min and transferred onto a polyvinylidene fluoride (PVDF) membrane (GE Healthcare, Chicago, IL, USA). The membrane was blocked for 1 h with 5% skim milk at room temperature. After that, the membrane was incubated at 4°C overnight with CD63 rabbit monoclonal antibody (1: 1,000, ab134045), tumor susceptibility gene 101 (TSG101) rabbit monoclonal antibody (1:1,000, ab125011), calnexin rabbit polyclonal antibody (1:1,000, ab22595), Ki67 rabbit monoclonal antibody (1:5,000, ab92742), PCNA rabbit polyclonal antibody (1:1,000, ab18197), MMP-2 rabbit monoclonal antibody (1:1,000, ab37150), MMP-9 rabbit polyclonal antibody (1:1,000, ab73734), and β-actin rabbit polyclonal antibody (1:5,000, ab8227). All the aforementioned antibodies were purchased from Abcam (Cambridge, UK). Afterward, the membrane was incubated with horseradish peroxidase-labeled goat anti-rabbit secondary antibody (1:10,000, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h at room temperature and developed under an optical luminometer (GE Healthcare, Chicago, IL, USA). Subsequently, the intensity of each band was read and analyzed with Image Pro Plus 6.0 software (Media Cybernetics, MD, USA). The experiment was repeated three times.

EdU Assay {#sec4.9}
---------

The 5-ethynyl-2′-deoxyuridine (EdU) assay was set up to assess cell proliferation. The prostate cancer cell line PC-3 was incubated with EdU solution (the cell culture medium and the EdU solution were mixed at a ratio of 1,000:1) at room temperature for 2 h and rinsed with PBS. The cell culture plate was fixed with 40 g/L paraformaldehyde for 30 min, incubated with glycine solution for 8 min, washed with PBS, and then rinsed with PBS containing 0.5% Triton X-100. With an addition of Apollo staining reaction solution, the culture plate was incubated at room temperature under conditions void of light and washed two times with methanol and PBS, respectively. After being added with Hoechst 3334 reaction solution and incubated at room temperature for 20 min under conditions void of light, the cell was observed under the fluorescence microscope. The green-stained cells were proliferating cells. When photographed in the purple light of the excitation channel, the blue-stained cells were the total cells. Three fields were randomly chosen, and EdU-stained cells (proliferating cells) and Hoechst 33342-stained cells (total cells) were counted (cell proliferation rate = number of proliferating cells/total number of cells × 100%). The experiment was repeated three times.

Transwell Assay {#sec4.10}
---------------

Transwell assay was performed using 24-well chambers containing membrane filter inserts. After 48 h of transfection, the prostate cancer cell line PC-3 was serum-starved for 24 h, detached, and washed two times with PBS. After centrifugation, the cells were counted and resuspended in serum-free RPMI1640 medium supplemented with 10 g/L BSA at the cell density of 3 × 10^4^ cells/mL. The Transwell chambers or chambers coated with Matrigel (40111ES08, Yeasen, Shanghai, China) were used for the migration assay or invasion assay, respectively. After conventional detachment, the cells were rinsed two times with PBS and resuspended with RPMI1640 medium at the cell density adjusted to 1 × 10^5^ cells/mL. A total of 200 μL cell suspension was added to the apical chamber of the Transwell chamber. RPMI1640 medium (600 μL) supplemented with 20% FBS was added into the basolateral chamber. After 24 h of conventional culture, the Transwell chamber was removed, and the cells on the inner surface of the apical chamber were removed with a cotton swab. Afterward, the cells that migrated into the lower side of the membrane were fixed with 4% paraformaldehyde for 15 min, stained with 0.5% crystal violet solution for 15 min, and washed 3 times with PBS. Micrographs were acquired with an inverted microscope (XDS-800D, Shanghai Caikon Optical Instrument, Shanghai, China), and the transmembrane cells were counted in a number of random fields. Three replicate wells were set up in each assay. The experiment was repeated 3 times.

Flow Cytometry {#sec4.11}
--------------

The apoptosis of cells was detected using Annexin V-FITC-propidium iodide (PI) double-labeled staining. The cells were collected 48 h after transfection and prepared 1 × 10^6^ cells/mL cell suspension. The cells were then fixed with a pre-cooled 70% ethanol solution at 4°C overnight and washed two times with PBS. The cell suspension (100 μL, cells not less than 1 × 10^6^ cells/mL) was washed two times with PBS and centrifuged. Subsequently, the cells were resuspended in 200 μL binding buffer, 10 μL Annexin V-FITC, and 5 μL PI, and they were incubated at room temperature for 15 min under conditions void of light. Cell apoptosis was detected by flow cytometer at an excitation wavelength of 488 nm.

Co-culture of BMSCs and PC-3 Cells {#sec4.12}
----------------------------------

Prostate cancer cell line PC-3 was transfected with fluorescence-labeled pCDNA3.1-GFP, and BMSCs were transduced with Cy3-labled miR-143 (miR-143-Cy3). After treatment, PC-3 cells and BMSCs were blended (1: 1) and then inoculated into a 96-well plate, with 100 cells in each well for co-culture for 2 days. After that, the mixture was separated using flow cytometry, followed by analysis using the fluorescence microscope. Subsequently, the specific inhibitor GW4869 (Sigma, St. Louis, MO, USA) was added in order to block the release of exosomes. To confirm that miR-143 was delivered via exosomes, cells were manipulated with GW4869 or DMSO, with DMSO as a negative control. Next, the cells were re-inoculated in the 6-well plate for co-culture with the tumor cells for 48 h with 10 M GW4869 or DMSO.

Exosome Isolation {#sec4.13}
-----------------

Exosomes were separated by ultracentrifugation-based isolation techniques.[@bib47] Exosomes were harvested with ultracentrifugation. Briefly, BMSCs were grown to approximately 80% before culturing in exosome-free medium for 48 h. Exosome-free medium was prepared using FBS and centrifuged for 8 h at 100,000 × *g*. Then the culture supernatant was centrifuged at 300 × *g* for 10 min at 4°C, at 2,000 × *g* for 15 min, at 5,000 × *g* for 15 min, and at 12,000 × *g* for 30 min. After centrifugation, the supernatant was collected. The supernatant was ultra-centrifuged at 100,000 × *g* for 70 min to pellet the exosomes. Exosomes were washed with PBS and pelleted by ultra-centrifugation for 70 min at 100,000 × g. All ultracentrifugation steps were performed at 4°C in a Beckman ultracentrifuge (TL-100) with TLS-55 swinging bucket rotor. The rest of the low-speed centrifuges utilized Beckman Allegra X-15R centrifuges.[@bib48]

Nanoparticle-Tracking Analysis {#sec4.14}
------------------------------

Nanoparticle-tracking analysis was employed to determine the size of exosomes. Exosomes (20 μg) were dissolved in 1 mL PBS and vortexed for 1 min with the exosomes evenly distributed. Then, the scale distribution of exosomes was measured and observed using the NanoSight Nanoparticle Tracking Analyzer (NTA, Malvern Panalytical, UK).

Transmission Electron Microscope {#sec4.15}
--------------------------------

The exosomes were immediately fixed with 4% glutaraldehyde for 2 h at 4°C after isolation, washed 3 times with 0.1 mol/L PBS, fixed with 1% osmium tetroxide for 2 h, and dehydrated with conventional ethanol and acetone. Exosomes was impregnated with epoxy resin, embedded, and polymerized. After that, 0.5-μm-thick semi-thin sections were prepared, and the ultra-thin sections of 60 nm were prepared after localization of the light microscope. The sections were stained with uranium acetate and lead citrate and visualized under an electron microscope.

Cellular Uptake of Exosomes {#sec4.16}
---------------------------

Exosomes (20 μg) were labeled with CFSE dye, which was diluted at a ratio of 1:1,000. After 15-min incubation at 37°C, the exosomes were harvested and washed with PBS by centrifugation (100,000 × *g*, 70 min). CFSE-tagged exosomes were added to prostate cancer cells and incubated for 6, 12, 18, 24, 36, and 48 h at 37°C, and cellular uptake was observed under a confocal fluorescence microscope.

Tumor Formation in Nude Mice {#sec4.17}
----------------------------

The 24 4-week-old BALB/C male nude mice were provided by Hunan SJA Laboratory Animal (Hunan, China). The nude mice were divided into 4 groups with 6 mice in each group at random for tumor growth observation. PC-3 cells were treated with exosomes (Exo)-miR-NSM and Exo-miR-143 (PC-3/Exo-miR-NSM group and PC-3/Exo-miR-143 group) and transfected with Si-NC and Si-TFF3, respectively (PC-3/Si-NC group and PC-3/Si-TFF3 group). The cells of each group were then resuspended in 50% Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). A total of 0.2 mL cells (1 × 10^6^ cell/mL) was subcutaneously injected into the flanks of mice. The tumor size was measured with a vernier caliper every 3 days since day 8 after injection, and then the tumor volume (mm^3^) was calculated using the following formula: tumor volume = length × width^2^ × 0.5. After 30 days of tumor cell implantation, all nude mice were sacrificed, and the tumor was removed and weighed. miR-143 and TFF3 expression levels in the PC-3/Exo-miR-NSM group and the PC-3/Exo-miR-143 group were detected by qRT-PCR.

Immunohistochemistry {#sec4.18}
--------------------

The nude mice were anesthetized by intraperitoneal injection of 0.1 mL 1% sodium pentobarbital, and the solid tumors were quickly removed. The tumor tissues were fixed in paraformaldehyde for 48--72 h, embedded in paraffin, and cut into sections at 5 μm. The sections were dewaxed with xylene, dehydrated with alcohol, and blocked endogenous peroxidase with 3% hydrogen peroxide. After antigen retrieval, the sections were added with primary antibody MMP-2 (1:1,000, ab37150, Abcam, Cambridge, UK) for 1-h incubation at 37°C and horseradish peroxidase-labeled secondary antibody (1:1,000, ab6721, Abcam, Cambridge, UK) at 37°C for 30 min. The color was developed using freshly prepared diaminobenzidine (DAB) solution for 1--2 min; rinsed 2 min, 3 times with PBS; and counterstained with hematoxylin for 1 min. The staining was observed under an optical microscope.

Statistical Analyses {#sec4.19}
--------------------

Statistical analyses were conducted with SPSS 21.0 statistical software (IBM, Armonk, NY, USA). The data were expressed as mean ± SD. The difference between two groups was analyzed by t test and corrected by Welch. Normality test among multiple groups was conducted by the Shapiro-Wilk method. One-way ANOVA was used for the data subject to normal distribution. Least-significant difference (LSD) was used to compare difference among multiple groups. A non-parametric Kruskal-Wallis test was used for comparison between data that did not conform to normal distribution. p values \< 0.05 were considered statistically significant.
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[^1]: miRNA/miR, microRNA; TFF3, trefoil factor 3.

[^2]: TFF3, trefoil factor 3; miR-143, microRNA-143; F, forward; R, reverse.
